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f~ >, Velocity map imaging inside an electrostatic quadrupole guide is demonstrated. By switching the voltages that are applied to 

£SJ the rods, the quadrupole can be used for guiding Stark decelerated molecules and for extracting the ions. The extraction field 

j_i is homogeneous along the axis of the quadrupole while it defocuses the ions in the direction perpendicular to both the axis of 

t the quadrupole and the axis of the ion optics. To compensate for this astigmatism, a series of planar electrodes with horizontal 

j> and vertical slits is used. A velocity resolution of 35 m/s is obtained. It is shown that signal due to thermal background can be 

■eliminated, resulting in the detection of slow molecules with an increased signal-to-noise ratio. As an illustration of the resolving 

power, we have used the velocity map imaging system to characterize the phase-space distribution of a Stark decelerated ammonia 

beam. 
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1 Introduction 

Techniques to decelerate and cool molecules increase the inter- 
action time in spectroscopic experiments, and promise to sig- 
nificantly enhance the precision of a number of experiments 
aimed at testing fundamental laws of physics^ - -. As a proof of 
principle, high resolution microwave spectroscopy was carried 
out on Stark decelerated molecular beams of ND3 5 and OH 6 . 
In these experiments, an interaction time on the order of a mil- 
lisecond was achieved. In order to increase the interaction time 
further, a molecular fountain is currently being constructed in 
our laboratory 4 . Unfortunately, due to the limited efficiency of 
cooling techniques, the increased interaction time comes at the 
expense of a decreased signal-to-noise ratio. Techniques such 
as resonance enhanced multi-photon ionization (REMPI) allow 
detection of very small quantities of molecules. However, if the 
signal of the decelerated molecules becomes too small, it will 
be obscured by the signal of the undecelerated part of the beam. 
Here, we use velocity map imaging (VMl) to discriminate the 
signal of slow molecules from thermal background molecules. 
VMl is a technique that uses ion lenses to focus laser-produced 
ions onto a position dependent ion detector-. By setting the 
voltages of the ion lenses correctly, molecules that have the 
same initial velocity but a different initial position are focused 
■at the same position on the detector. In this way, all velocity 
information of the particles involved in the experiment is con- 
tained in a single image. VMl or, more generally, ion imaging 
techniques have been used extensively for measuring the veloc- 
ity of product molecules or atoms following a chemical reaction 
or the photodissociation of a parent molecule 7-9 . State-of-the- 
art velocity map imaging systems achieve a velocity resolution 
below 10 m/s 10 . 
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The ion optics used in a conventional VMl setup consist of 
three or more electrodes with circular apertures. In this pa- 
per, we perform velocity map imaging inside an electrostatic 
quadrupole guide that is mounted directly behind a Stark decel- 
erator. The main advantage of this configuration is that it allows 
for detection inside the guide, where the density of molecules 
is relatively high. As our detection scheme relies on multi- 
photon transitions using a focused laser beam, a high density 
of molecules is crucial. In our configuration, the ions are ex- 
tracted from the guide by applying a small positive voltage to 
two of the quadrupole rods. This results in a field that is ho- 
mogeneous along the axis of the quadrupole while it defocuses 
the ions in the direction perpendicular to both the axis of the 
quadrupole and the axis of the ion optics. Here, we show how 
the astigmatism can be compensated with the use of a series of 
planar electrodes with horizontal and vertical slits. 



2 Experimental Setup 

Our experiments have been performed in a vertical molec- 
ular beam machine that is described in Ref |4[ In brief, a 
pulsed (~100 /is) ammonia beam is released into vacuum from 
a solenoid valve (GeneralValve series 99) at a 10 Hz repetition 
rate. By cooling the valve housing to -50° C and seeding the 
ammonia molecules in xenon, the mean velocity of the beam 
is lowered to 300 m/s. The ammonia beam is decelerated using 
a Stark decelerator consisting of an array of 101 deceleration 
stages. Adjacent stages are 5.5 mm apart. Each deceleration 
stage is formed by two parallel 3 mm diameter cylindrical rods, 
spaced 2 mm apart. The two opposite rods are switched to 
+ 10 and — lOkV by four independent HV-switches that are 
triggered by a programmable delay generator. The velocity 
of the molecular beam is controlled completely by the com- 
puter generated burst sequence (for details on Stark deceler- 
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Fig. 1 (a) Schematic view of the ion optics used for performing velocity map imaging inside a quadrupole guide. Rectangular electrodes with 
horizontal and vertical slits are used to make a position focus approximately 300 mm from the center of the quadrupole. Using a cylindrical 
einzel lens this image is mapped onto a Multi Channel Plate detector mounted in front of a phosphor screen. The image is recorded using a 
CCD camera, (b) and (c) Equipotential lines in the lens system along the horizontal and vertical plane, respectively. The black and green lines 
show trajectories of ions starting with a velocity along the z-axis of and 300 m/s, respectively. 



ation, see Ref lllUl2|) . An electrostatic quadrupole, mounted 
30 mm behind the decelerator, is used for focusing the slow 
molecules and as extraction field for the velocity map imag- 
ing system. The chamber that houses the quadrupole guide is 
differentially pumped and kept at a pressure of 3 x 10 -8 mbar 
when the pulsed valve is operating. 

A schematic view of the quadrupole and ion optics is shown 
in of Fig. GJa). The quadrupole consists of four 20 mm diam- 
eter cylindrical rods that are placed on the outside of a 20 mm 
diameter circle. Alternating positive and negative voltages up 
to 6 kV are applied to adjacent rods to focus decelerated ammo- 
nia molecules. The molecules are focused 90 mm downstream 
from the decelerator, where they are ionized using a (2+1) reso- 
nance enhanced multi-photon ionization (REMPI) scheme. The 
laser radiation (~10 mJ in a 5 ns pulse @320nm) is focused 
between the rods of the quadrupole using a lens with a fo- 
cal length of 500 mm. In order to extract the ions, a positive 
voltage pulse is applied to the left hand side quadrupole rods 
while the other two rods are grounded. In this way, ions are 
pushed towards the corrective lens consisting of five rectangu- 
lar (80x40 mm 2 ) electrodes, two of which having a vertical slit 
aperture (10x30 mm 2 ) and three having a horizontal slit aper- 
ture (50 x 10 mm 2 ). The fourth electrode is composed of two 
parts such that a voltage difference can be applied between the 



upper and lower part. The first electrode of the corrective lens 
is placed 40 mm away from the center of the quadrupole, while 
the next electrodes are separated by 15 mm. After a 220 mm 
long flight tube, the ions pass a magnifying lens that consists of 
three circular electrodes with 15 mm circular apertures 13 . Fi- 
nally, after another 240 mm long flight tube, the ions impinge 
upon a double Multi Channel Plate (MCP) mounted in front of 
a fast response (1/e time is 10 ns) Phosphor Screen (Photonis 
P-47 MgO). The light of the phosphor screen is imaged onto 
a CCD camera (PCO 1300, 1392 x 1040 pixels). By applying 
a timed voltage pulse with a high- voltage switch (Behlke HTS 
31-03-GSM), the gain of the front MCP can be gated to select 
ammonia ions, thus eliminating background signal due to oil 
and other residual molecules in the vacuum. 

In Fig. IHb-c), the equipotential lines in the lens system are 
shown along the horizontal and vertical plane, respectively. 
Also shown in the figure are the trajectories of ions, starting 
with a velocity along the z-axis of (black lines) or 300 m/s 
(green lines). These calculations were performed using the 
SIMION package 14 . With voltages applied to the left hand side 
rods of the quadrupole, the ions are defocused in the horizontal 
plane (Fig. \Hb)). This is compensated by applying a voltage 
difference between the right hand side rods of the quadrupole 
and the first electrode. If an extraction voltage of +500 V is 



applied, a voltage of -1000 V is required on the first electrode 
to create a focus slightly before the magnifying lens. From 
our simulations, molecules starting with a velocity of 300 m/s 
along the z-axis are displaced from the center by approximately 
0.5 mm. The magnifying lens is used to map the image plane 
onto the position sensitive detector, magnifying the image by a 
factor of about 6. In the vertical direction (Fig. [He)), the di- 
vergence of the beam is not affected by the quadrupole or the 
first two electrodes. The ions are focused onto the image plane 
by applying a voltage of -1700 V to the fourth electrode while 
keeping the other electrodes and the flight tubes at a voltage of 
-1000V. 

In our VMI system, the focusing properties along the hori- 
zontal plane are determined by the voltage applied to the first 
electrode, while the focusing properties along the vertical plane 
are determined by the voltage applied to the fourth electrode. 
Note that the second and third electrodes are kept at the same 
voltage to ensure that the vertical and horizontal focusing prop- 
erties are fully uncoupled. In addition, the position of the beam 
can be steered in the horizontal and vertical plane by applying 
small voltage differences (typically about 30 V) between the 
two right hand side quadrupole rods and between the upper and 
lower part of the fourth electrode, respectively. 

3 Characterizing the ion optics 

In order to have optimal velocity resolution, the voltages need 
to be applied such that ions with the same initial velocity but 
a different initial position are focused at the same position on 
the detector. In the v-direction, ions are collected over a range 
that is limited by the gap between the quadrupole rods. A po- 
sition focus is found by changing the voltage applied to the left 
hand side rods until the observed ion distribution in the hor- 
izontal direction is minimized. To experimentally verify the 
optimal settings in the z-direction, we scanned the voltage ap- 
plied to the fourth electrode while the laser focus was located at 
different heights. These measurements are shown as the sym- 
bols in Fig. |2 The curves in Fig. [2] are the result of trajectory 
simulations using SIMION 14 . For the measurement shown in 
Fig. EJa), the magnifying lens was not used. It is seen that, 
for an applied voltage around — 1 100 V, the beam is neither fo- 
cused nor defocused and the vertical position at which the ions 
arrive at the detector directly reflects the height of the laser 
focus (under our conditions, one pixel corresponds to about 
0.05 mm). Note that — 1100 V is slightly more negative than 
the expected — 1000 V that is applied to the other electrodes. 
This is attributed to the finite size of the electrodes. 

When the voltage applied to the fourth electrode is larger 
(more negative) than that of the surrounding electrodes, the ions 
are first accelerated and then decelerated as they pass the fourth 
electrode. At the same time, they experience a focusing, a defo- 
cusing and again a focusing force. As the ions are (on average) 
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Fig. 2 (a) Measured vertical position of the ions as a function of the 
voltage applied to the fourth electrode of the corrective lens with the 
laser focused at four different vertical positions in the quadrupole. A 
voltage of —500 V is applied to the left hand side quadrupole rods 
while a voltage of —1000 V is applied to all other electrodes, (b) 
Measured vertical position of the ions as a function of the voltage 
applied to the magnifying lens. The fourth electrode is kept at 
— 1700 V. The other voltages are set as in (a). 



faster and closer to the axis when they experience a defocus- 
ing force and slower and further away from the axis when they 
experience a focusing force, the overall effect of the field is fo- 
cusing. This is the basic operation principle of an Einzel lens 9 . 
The same argument holds for the situation when the voltage 
applied to the fourth electrode is smaller (less negative) than 
that applied to the surrounding electrodes. As a result of this 
effect, position foci are observed at voltages of —900 V and 
— 1300 V Either voltage setting can be used to perform veloc- 
ity map imaging; we chose the lower voltage setting. 

When the magnifying lens is used, the focal length of the 
first horizontal and vertical lens needs to be reduced. When a 
voltage of +550 V is applied to the left hand side rods of the 
quadrupole and a voltage of —1730 V is applied to the fourth 
electrode, the focal plane is situated about 30 mm before the 
magnifying lens. It is seen from the measurements and simu- 
lations shown in Fig. Ob) that the focal plane is imaged onto 



the detector when a voltage of +200 V is applied to the middle 
electrode of the magnifying lens. 

4 Experimental results 

In Fig. [3a), a typical camera image is shown with the voltages 
set to obtain optimal velocity resolution. In this measurement, 
the decelerator is set to decelerate ammonia molecules from 
300 m/s to lOm/s. The image is averaged over 256 shots. For 
each laser shot, pixels below a certain threshold are set to zero 
before adding up the images. The bright spot at the center of the 
image corresponds to the decelerated molecules, while the scat- 
tered spots result from thermal background ammonia molecules 
in the vacuum. Note that the ion distribution is clipped by the 
aperture of the magnifying lens. On the upper side and the right 
hand side, the horizontal and vertical position is translated into 
horizontal and vertical velocity, respectively (vide infra). 

In Fig.[3tb), the observed ion signal is shown as a function of 
time with respect to the start of the burst sequence applied to the 
decelerator. The lower trace is obtained by counting the ions 
over the area enclosed by the 100 x 100m 2 /s 2 white square 
shown in Fig. Oa), while the upper trace is obtained by count- 
ing the ions over the entire area of the camera. Ions are counted 
using the centroiding method introduced in Ref 15. Each data 
point is averaged over 32 shots. If ions are counted over the en- 
tire area of the camera, typically some 20 background ions are 
detected. By only counting ions within the selected area, this 
background is reduced by a factor of 550 2 ;r/100 2 « 100. Note 
that for a given voltage the quadrupole will focus molecules 
within a small velocity interval. As a result, the width of the 
time of flight profile does not reflect the velocity spread of the 
decelerated packet. 

In Fig. 01 the longitudinal velocity of the molecular beam 
is shown as a function of time with respect to the start of the 
burst sequence applied to the decelerator. For this image, the 
decelerator was set to decelerate from 300 to 100 m/s. At every 
time delay, an image is averaged over 64 shots and the inten- 
sity is integrated over the horizontal direction of the camera. 
This results in 156 vertical lines which are combined to obtain 
Fig-ffia). The observed signal follows a hyperbolic curve due 
to the inverse relation between velocity and time. The most 
intense part of the beam is observed at short times having an 
average velocity of 300 m/s. These are molecules that were not 
in sync with the time sequence and, as a result, they are on aver- 
age neither decelerated nor accelerated but they do experience 
a focusing effect in the transverse directions. At later arrival 
times, four packets are seen that are offset from this hyperbola. 
The packet arriving at 3700 /is originates from molecules that 
were at the right position near the entrance of the decelerator at 
the start of the time sequence and that passed through all 101 
deceleration stages in sync with the deceleration fields. These 
molecules entered the decelerator with a velocity of 300 m/s 
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Fig. 3 (a) Camera image showing the distribution of ions. The MCP 
gate is set to detect ammonia ions only. The bright spot inside the 
square corresponds to ammonia molecules that are decelerated from 
300 to 10 m/s. (b) Time-of- flight distributions for a molecular beam 
decelerated to 10 m/s. The red curve is obtained by counting ions 
over the entire area of the camera, while the black curve is obtained 
by counting ions inside the white square depicted in (a). 



and exit the decelerator with a velocity of 100 m/s. The ear- 
lier peaks originate from molecules that were either one or two 
periods further inside the decelerator at the start of the time se- 
quence. These molecules also entered the decelerator with a 
velocity of 300 m/s, but since they missed the last two or four 
deceleration stages they exit the decelerator with a velocity of 
108 or 115 m/s, respectively. The peak that appears at a later 
time in the time-of- flight distribution originates from molecules 
entering the decelerator with a lower initial velocity, catching 
up with the time sequence one period later. Throughout the de- 
celerator, it trails the synchronous packet by 1 1 mm, exiting the 
decelerator with the same final velocity of 100 m/s. Although 
the resolution of our VMI system is insufficient to resolve the 
difference in velocity between the distinct packets, a small dis- 
placement can be observed. 
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Fig. 4 (a) Longitudinal velocity of the ammonia beam as a function 
of time. The intensity of the right hand side panel is scaled by a factor 
of 3.3 for clarity, (b) Integrated ion signal as a function of time with 
the decelerator on (red curve) and with the decelerator off (black 
curve). The arrow indicates the position of the synchronous packet of 
molecules. 



In Fig. HJb), the ion signal is integrated over the total area 
of the camera. The red curve shows the time-of-flight with the 
decelerator on, while the black curve shows the same measure- 
ment taken with the decelerator off. Note that the observed 
oscillations in the undecelerated part of the beam are due to ve- 
locity modulations, and are well reproduced in simulations 12 . 

In order to calibrate the velocity axis, we have recorded VMI 
images while the velocity of the beam was scanned from 150 to 
5 m/s in steps of 1 m/s by changing the burst sequence applied 
to the Stark decelerator. At every velocity, an image is averaged 
over 64 shots and the intensity is integrated over the horizontal 
direction of the camera. This results in 145 vertical lines which 
are combined to obtain Fig. Oa). Since molecules are ionized 
using a focused laser beam, the number of detected ions is pro- 
portional to the density of the decelerated beam. Due to the 
increasing time of flight, this density decreases rapidly when 
the velocity of the beam is lowered. In these measurements, 
the quadrupole is set to trans versally focus molecules of 10 m/s 
at the position of the laser. As a result, a bright spot at this 
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Fig. 5 (a) Longitudinal velocity of the ammonia beam as a function 
of the velocity set by the burst sequence applied to the decelerator. 
The quadrupole is set to focus molecules of 10 m/s at the position of 
the laser. The inset shows an enlarged view of molecules that are 
focused with the quadrupole. The intensity is scaled by a factor of 6 
for clarity, (b) Integrated ion signal as a function of velocity with the 
burst sequence set to decelerate molecules to different velocities. 



velocity is observed in Fig. 0a) (shown enlarged in the inset). 
The straight line also shown in the figure is used to translate 
the position at the camera into a vertical velocity. The FWHM 
velocity spread of the beam that is inferred from the camera im- 
ages is 35 m/s (corresponding to 20 pixels on the camera). As, 
at the used settings of the decelerator, the longitudinal veloc- 
ity spread of the beam is below 10m/sii, we conclude that the 
velocity resolution of the lens system is on the order of 35 m/s. 
In Fig. Ob), the ion signal is integrated over the total area of 
the camera. A small peak is observed when molecules are de- 
celerated to 10 m/s corresponding to molecules that are focused 
90 mm downstream from the decelerator, where the molecular 
beam crosses the ionisation laser. 

5 Conclusions 

A setup consisting of a series of planar electrodes is used 
for performing velocity map imaging inside an electrostatic 



quadrupole guide. We obtain a velocity resolution of 35 m/s, 
limited by the size of the electrodes and by the presence of iso- 
lators used for suspending the quadrupole. Our work demon- 
strates that velocity map imaging can be performed in uncon- 
ventional electrode configurations while achieving a resolution 
that is sufficient for most purposes. This should be useful for 
studies in electrostatic traps 11 , storage rings 16,17 and molec- 
ular fountains 4 . An often quoted phrase in the ion imaging 
community says: "if you do not use VMI, you throw away in- 
formation". In this work, the information obtained from VMI is 
used to detect slow molecules free of any signal from thermal 
background gas. 
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